Faraday rotation is experimentally observed at microwave frequencies in a large-area graphene sheet biased with a static magnetic field, and interrogated by polarized fields in a hollow circular waveguide. A Faraday rotation of up to 1.5
Compared to ferrites, the most common gyrotropic materials at microwave frequencies, graphene offers several advantages, such as potential compatibility with integratedcircuit technology, electrostatic-voltage tunability as opposed to magnetic-field tunability, and faster response to changes of the electric or magnetic biasing conditions.
Large-area, high-quality graphene was grown by chemical vapor deposition on Cu foils, following the methods detailed in Ref. 8 . The large area graphene was transferred from Cu to quartz, a low-loss microwave substrate, with a photoresist handle and sacrificial etching of the Cu foil. The transfer process produces hole-doped samples with typical sheet resistance of R w $ 1À2 kX/w . 7 The experimental apparatus is shown in Fig. 1 . It consists of a cylindrical waveguide connected through circularrectangular transitions to coaxial-rectangular adapters which in turn are connected, via coaxial cables, to the ports of a vector network analyzer. A circular-rectangular transition smoothly transforms the TE 10 mode of its rectangular port to the co-polarized TE 11 mode of its circular port 9 and reciprocally. Therefore, TE 10 waves entering the transitions from ports 1 and 2 are transmitted through with almost zero reflection. Similarly, x-and x 0 -polarized TE 11 waves entering the transitions from ports A and B, respectively, are also transmitted through with almost zero reflection. On the other hand, y-and y 0 -polarized TE 11 waves entering the transitions from ports A and B, respectively, are totally reflected with a phase u yy . The circular-rectangular transitions are rotated by an angle h with respect to each other. The graphene-onquartz sample is placed in the mid-plane of the circular waveguide. The entire structure is immersed in a static magnetic field B 0 parallel to the waveguide axis, produced by a superconducting solenoid. Figure 2 (a) presents the measured S 21 (S ji is the transmission coefficient from port i to port j) for an empty waveguide, a quartz-loaded waveguide and a graphene-on-quartz-loaded waveguide with h ¼ 45
. Consider first the case of the empty waveguide. Following the e Àixt convention, the transmission coefficient through such a waveguide is given by 10 S 21 ¼ cos h À sin 2 h cos h=½e Ài2ðu yy þ2blÞ À cos 2 h; (1) where b is the circular waveguide propagation constant. At the frequencies where u yy þ 2bl ¼ mp, m being an integer, S 21 ¼ 0. These points correspond to the resonances observed in the measured S 21 of the empty waveguide in Fig. 2 LETTERS 102, 191901 (2013) symmetric ones, it is maximum. Therefore, since the sample is inserted in the middle of the waveguide, it only affects the symmetric resonances. This is apparent in the S 21 of the quartz-loaded waveguide in Fig. 2(a) , where quartz, having a relative permittivity greater than 1, red-shifts the frequencies of only half of the resonances. On the other hand, graphene, being purely conductive, does not affect the resonance frequency, but reduces the quality factor of the resonance (from 570 to 130), as seen in the S 21 of the graphene-on-quartzloaded waveguide in Fig. 2(a) . Therefore, only the symmetric resonances are suitable frequencies for studying graphene. All the forthcoming results are obtained around the symmetric resonance at 20.2381 GHz. Figure 2 (b) shows the B 0 -dependence of S 21 and S 12 of the graphene-on-quartz loaded waveguide at resonance. It is observed that as B 0 increases, S 21 and S 12 increase and decrease, respectively, which, as will be shown next, is a manifestation of Faraday rotation. The theoretically predicted Faraday rotation by graphene in a circular waveguide is
in the right-handed direction with respect to B 0 , where the plus and minus signs correspond to p-and n-doped graphene, respectively. 11, 12 In Eq. (2), r xx and r yx are the longitudinal and transverse conductivities of graphene, respectively, Z is the characteristic impedance of the air-filled circular waveguide, and a ¼ 0:8371 is a geometric factor accounting for the non-uniform field distribution in the waveguide crosssection. 11 Neglecting the effect of multiple reflections at the waveguide transitions (they will be later considered in an exact model of the structure), the signal received at port 2 for excitation from port 1 (S 21 ) is proportional to cosðh À h FR Þ. Similarly, the signal received at port 1 for excitation from port 2 (S 12 ) is proportional to cosðh þ h FR Þ. As B 0 increases, h FR increases for a p-doped graphene sample and, therefore, S 21 and S 12 increase and decrease, respectively, as observed in the measured results of Fig. 2(b) . Thus, the observed behavior of the measured S-parameters is a direct demonstration of Faraday rotation.
An analytical model exactly accounting for the effect of the quartz substrate and the reflections at the waveguide ports is necessary for an accurate extraction of graphene's conductivity from the measured S-parameters. The scattering equations between the waveguide ports read
where S ji is the scattering matrix from port i to port j, and the plus/minus superscripts correspond to waves entering/exiting the waveguide. In the basis of the circularly polarized modes jTE 6 11 i of the waveguide, with þ and -standing for the rightand left-handed circular polarization, respectively, S ji are diagonal matrices with elements the scattering parameters of the jTE 6 11 i modes. 10 The waveguide field also satisfies the boundary conditions 191901 (2013) where C AA and C BB are the reflection matrices at the circular-rectangular transitions from the circular waveguide side and jE inc A=B i is the incident wave at port A/B of the waveguide. Since the circular-rectangular transitions are reflection-free from the rectangular waveguide side, E inc A=B is the wave entering the system from port 1/2. In the basis of the xy-polarized modes jTE 
191901-
S 21 ¼ hTE
This model can now be fitted to the measurements. The fitting is performed for h ¼ 45
, where the alignment error between the ports is minimal thanks to alignment pins. First, the reflection phase of the circular-rectangular transition is determined through full-wave simulations and corrected by the amount Du yy ¼ 20:7 in order for the calculated resonances of the empty waveguide to match the measured ones. In a next step, the model is fitted to the measurements for a waveguide loaded with only quartz (without graphene) and the relative permittivity of quartz is extracted as e q ¼ 4:55, which lies within the range reported in the literature. 13 Knowing u yy and e q (l and l q are also known by direct measurement of the waveguide and substrate dimensions), the model can be fitted to the measurements of the grapheneloaded waveguide. Instead of performing a direct fit to S 21 and S 12 , which depend on parameters that are not included in the model, such as the coaxial-rectangular adapters, we choose the isolation, IS ¼ 20 log 10 jS 21 j À 20 log 10 jS 12 j, as the fitting parameter. Note that for any reciprocal system, we have IS ¼ 0, a fundamental result from Maxwell equations. 14 In the case of the graphene-loaded waveguide, the only non-reciprocal element is the magnetically biased graphene. Therefore, IS fitting automatically eliminates the parasitic effects due to the coaxial cables, the connectors and the adapters, and retains only the effects of non-reciprocity. Moreover, in order to further improve the accuracy of the results, we subtract from IS the isolation IS 0 measured at B 0 ¼ 0 T, using the fact that the system is reciprocal in the absence of magnetic field. The non-zero measured IS 0 is attributed to calibration errors. , as shall be seen shortly. The extracted conductivity is plotted in Fig. 3(c) along with the fitted Drude-model conductivity r xx ¼ r 0 =½1 þ ðlB 0 Þ 2 and r yx ¼ r 0 ðlB 0 Þ=½1 þ ðlB 0 Þ 2 , where r 0 ¼ n s el is the conductivity under no magnetic bias, n s is the carrier density, and l the mobility. The corresponding values for n s and l are 2:8 Â 10 12 cm À2 and 1200 cm 2 /Vs, respectively. The extracted conductivity closely follows the Drude model, except for B 0 0:5 T where a non-Drude decrease in r xx is observed. This small but measurable anomaly could originate from either parasitic electron spin resonance, or weak-localization effects in the graphene. More measurements with a finer B 0 step would be required to reach a definite conclusion. Finally, the Faraday rotation angle, as calculated through Eq. (2), is plotted in Fig. 3(d) . The rotation angle is relatively small, due to the low mobility of the measured graphene sample; the maximum angle is 1.5 , which would correspond to an isolation of less than 0.5 dB for a single pass through graphene. However, the multiple reflections at the waveguide transitions and subsequent multiple passes through graphene dramatically enhance the effective rotation angle to yield isolations as high as 26 dB, as will be seen later. Fig. 4 . Although the isolation is very high at h max , the corresponding insertion loss is also very high for small h FR since S 21 / sinð2h FR Þ. This is visible in Fig. 5 for the case l ¼ 1200 cm 2 =Vs, which corresponds to the mobility of the measured sample. In order to reduce the insertion loss, a higher l is required. According to the Drude model, higher l implies higher r yx , and, from Eq. (2), a higher h FR . The highest l of CVD grown graphene reported to date is 25 000 cm 2 /Vs. 6 With this l value, h max decreases from 82 for l ¼ 1200 cm 2 =Vs to 25 , but, most importantly, the insertion loss decreases by more than 27 dB, from 30 dB to 2.5 dB, as shown in Fig. 5 . Also, notice that increasing l increases the maximum isolation by an amount of about 10 dB. This is a very promising result for the realization of graphene-based non-reciprocal devices with continued improvement in large-area high-quality graphene.
In summary, Faraday rotation has been experimentally demonstrated in magnetically biased graphene at microwave frequencies. CVD-grown graphene on top of a quartz substrate was inserted in a circular waveguide with linearly polarized ports rotated with respect to each other. A rigorous model has been developed to extract the graphene conductivity and the Faraday rotation angle from the scattering parameters. The proposed structure operates as an isolator, whose performance can be significantly enhanced by using highermobility graphene. Other high-mobility two-dimensional electron gases, such as antimonides, are also expected to exhibit a similar behavior. The results open a route towards the realization of the first graphene-based non-reciprocal electromagnetic devices at microwaves. 
